Study design: The study included 23 368 newborns from two maternity hospitals in Saitama Prefecture, Japan. Urine screening for cCMV infection (quantitative real-time PCR) and newborn hearing screening (automated auditory brainstem response (AABR) testing) were conducted within 5 days of birth to examine the incidence of cCMV infection and SNHL, respectively. CNS damage was assessed by MRI of cCMV-infected newborns.
Results: The incidence of cCMV infection was 60/ 23 368 (0.257%; 95% CI 0.192% to 0.322%). The geometric mean urinary CMV DNA copy number in newborns with cCMV was 1.79×10 6 copies/mL (95% CI 7.97×10 5 to 4.02×10 6 ). AABR testing revealed abnormalities in 171 of the 22 229 (0.769%) newborns whose parents approved hearing screening. Of these 171 newborns, 22 had SNHL (12.9%), and 5 of these 22 were infected with cCMV (22.7%). Newborns with both cCMV and SNHL had a higher urinary CMV DNA copy number than newborns with cCMV without SNHL ( p=0.036). MRI revealed CNS damage, including white matter abnormalities, in 83.0% of newborns with cCMV. Moreover, newborns with CNS damage had a significantly greater urinary CMV load than newborns without CNS damage ( p=0.013).
Conclusions:
We determined the incidence of cCMV infection and urinary CMV DNA copy number in seemingly healthy newborns from two hospitals in Saitama Prefecture. SNHL and CNS damage were associated with urinary CMV DNA copy number. Quantification of urinary CMV load may effectively predict the incidence of late-onset SNHL and neurodevelopmental disorders.
Strengths and limitations of this study
▪ Verification of the risk factors for sensorineural hearing loss (SNHL) in newborns and late-onset SNHL caused by congenital cytomegalovirus (cCMV) infection as well as for developmental or intellectual disability is important for predicting a patient's prognosis. In this study we examined the association of urinary CMV load in cCMV infection cases with SNHL and central nervous system (CNS) damage. ▪ Urinary CMV load was evaluated by calculating the CMV DNA copy number in a urine sample by using quantitative real-time PCR (qPCR) while ensuring sensitivity and quantitative capability. ▪ The CMV DNA copy number of newborns with SNHL and CNS damage was significantly more than that of newborns without any findings. This suggests that measuring CMV load in urine samples could be useful for predicting prognosis of cCMV infection. ▪ Based on the current research, it is unclear whether CNS damage related to cCMV infection is associated with future developmental or intellectual disability, which indicates that follow-up examinations that include intelligence and psychological evaluation are required. ▪ The use of qPCR for a urine sample as a screening test requires improvements in usability and economic efficiency.
INTRODUCTION
Human cytomegalovirus (CMV) is known to cause congenital infection and is the most commonly implicated pathogen in the group of congenital infections known as TORCH syndrome (toxoplasmosis, rubella, CMV infection, herpes simplex and other infections). The incidence of CMV is 0.2-2.4% in all newborns, and approximately 5-10% of CMV-infected newborns have symptomatic congenital CMV (cCMV) infection. In cases of severe infection, newborns can present with symptoms of cytomegalic inclusion disease (intrauterine growth retardation, hepatosplenomegaly, jaundice, blueberry muffin rash, thrombocytopenia, purpura, microcephaly, intracranial calcification and developmental delay). In contrast, cCMV infection is asymptomatic in 90-95% of infected newborns. 1 In the USA the incidence of perinatal sensorineural hearing loss (SNHL) is estimated to be 0.186%, and the prevalence of hearing loss (HL) among 4-year-olds is estimated to be 0.27%. Twenty-one per cent of cases of perinatal SNHL and 25% of cases of HL among 4-year-olds are estimated to be caused by cCMV infection. 2 Fowler et al 3 reported that 7.2% of children with asymptomatic cCMV infection developed congenital SNHL and that 18.2% of asymptomatic children with HL developed late-onset SNHL. Thus, the high incidence of SNHL in 4-year-olds could be attributed to late-onset SNHL, occurring as a result of cCMV infection. However, newborn hearing screening cannot predict or identify late-onset SNHL due to asymptomatic cCMV infection. 4 CMV infection of the central nervous system (CNS) presents as encephalitis and periependymitis, and can cause ventriculomegaly, gliosis and calcification once encephalitis resolves. CMV infection is also known to cause developmental delay and seizures. MRI has been used to show the CNS damage associated with cCMV infection, 5 6 but the relationship between CMV load and SNHL and CNS damage has not yet been fully ascertained.
Several techniques have been used to screen for CMV infection in newborns. Numazaki et al 7 used traditional culturing of CMV from urine to determine the incidence of cCMV infection in Sapporo, Japan. In another multicentre study conducted in Japan, Koyano et al 8 used FTA-Elute filter cards (GE Healthcare Life Sciences, Piscataway, New Jersey, USA) placed in the diapers of newborns to collect urine and then dried the cards and subjected them to quantitative real-time PCR (qPCR) to determine the incidence of cCMV infection. Isolating CMV from urine represents a reliable screening technique for CMV infection, but involves a complicated and time-consuming procedure and the result may not be ascertained for up to 2 weeks. In contrast, the use of FTA-Elute filter cards is easier, economical and forceful, but the correlation between urinary CMV loads, sequelae and MRI findings of neurological damage is equivocal in the newborn screening for cCMV infection. The accurate determination of CMV loads in urine using qPCR may therefore be a good tool to assess newborns with a risk of sequelae, and could be especially helpful in determining the need for antiviral treatment.
In this study, DNA was extracted from liquid urine collected within 5 days of birth and was subjected to qPCR to screen for cCMV infection. Subsequently, the association between the screening results and incidence of SNHL was examined. This study also used MRI to investigate CNS damage in newborns with cCMV.
METHODS

Subjects and initial testing
The subjects were newborn infants from two maternity hospitals in Saitama Prefecture (Aiwa Hospital, Kawagoe and Sannoh Clinic, Shiraoka, Saitama) and were recruited between 2 December 2008 and 31 May 2015. The mothers of 23 368 newborns agreed to participate in this study. Of these 23 368 newborns, 22 229 (95.1%) underwent newborn hearing screening using automated auditory brainstem response (AABR) testing.
Head circumference (HC) at birth was measured in addition to weight and height and was compared with that addressed under the 2010 Japan Child Growth Standards (Ministry of Health, Labour and Welfare). HC z score modified by Noyola et al 9 was calculated, and HC z score <−2 was considered microcephaly.
Hearing screening
If the hearing screening revealed abnormalities, the newborn underwent more precise testing of the auditory brainstem response (ABR), auditory steady-state responses and otoacoustic emissions at the Mejiro University Audiology Clinic. When a newborn was diagnosed with SNHL based on this precise testing, the gap junction protein β 2 (GJB2) or connexin 26 gene was sequenced to identify mutations. Mutations in these genes are responsible for roughly 20% of SNHL cases. 10 Urine collection and testing Urine was collected in a urine collection bag 0-5 days after birth and then transferred to a sterile plastic urine collection tube. Urine was then frozen at −20°C and transported to Saitama Children's Medical Center, where DNA was extracted within 10 days. Newborns in whose urine CMV was detected underwent MRI at Saitama Children's Medical Center to identify CNS damage. The CMV load in their urine was then retested.
DNA extraction and qPCR
A QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) was used to extract DNA from urine samples in accordance with the manufacturer's instructions. 11 CMV DNA was subjected to qPCR to detect the pp65 gene (GenBank: accession number NC_006273), as previously described by Griscelli et al. 12 Primers and a fluorescence-labelled probe were added to the reaction mixture (TaqMan Real-Time qPCR Master Mix, Life Technologies, Carlsbad, California, USA) and CMV DNA was amplified. The PCR products were quantified using an ABI 7900 HT FAST Real-time PCR System (ABI, Foster City, California, USA). The sensitivity of qPCR detection was ≥100 copies/mL.
Identification of mutations in GJB2
DNA samples were extracted from peripheral blood mononuclear cells using a QIAamp DNA Blood Mini Kit (Qiagen) and the GJB2 gene was directly sequenced as previously described. 13 Identification of CNS damage using MRI Head MRI was performed using a 1.5 T MRI scanner (Philips, MRI Systems Achieva 1.5T, Amsterdam, The Netherlands) and the images were analysed by two paediatric radiologists with over 15 years of experience. CNS damage was identified in images acquired using T1-weighted spin-echo (SE) sequences in the sagittal and axial planes and a T2-weighted fast SE sequence in the axial or coronal plane. CNS damage was assessed on the basis of a combination of criteria for white matter (signal abnormality, loss of volume, presence of a cyst, ventriculomegaly, corpus callosal thinning or myelination) and grey matter (grey matter signal abnormality, gyration or presence of subarachnoid spaces). In some instances, a T2*-weighted or T1-weighted inversion recovery (IR) sequence was added to accurately assess calcification of soft tissue or myelin abnormalities. Myelination is thought to be mostly completed by 18 months when assessed using a fluid-attenuated IR sequence. White matter abnormalities (WMAs) were assessed on T2-weighted images, 5 14 15 essentially using the criteria defined by van der Voorn et al. 16 The criteria for patients with cerebral WMAs only were as follows: (1) multifocal white matter lesions were present; (2) the lesions were predominantly located in the deep white matter; and (3) the largest lesions were located in the parietal region. The criteria for patients with both cerebral white matter and gyral abnormalities were as follows: (1) dysgyria and MRI findings suggestive of polymicrogyria were present; and (2) either multifocal WMAs (like those described for the patients with cerebral WMAs only) or diffuse WMAs were present.
CT was performed on newborns with suspected calcification revealed by MRI.
Statistical analysis
Statistical analyses were performed using SPSS V.19.0 (IBM, Tokyo, Japan). The number of copies of CMV was expressed as a geometric mean (GM) (95% CI). Data were compared using a two-sided non-parametric Mann-Whitney U test, and p<0.05 was considered to represent statistical significance. Mother's age, gestational age, newborn's birth weight and HC at birth were expressed as an arithmetic mean (AM)±2 SE. Pearson's χ 2 test was used for testing the proportion.
Ethical considerations
This study was fully explained to the parents of the newborns before obtaining parental consent, and was approved by the ethics committee of Saitama Children's Medical Center. 
RESULTS
General characteristics of the screened newborns
Clinical manifestations of cCMV infection
The clinical manifestations of cCMV in 60 newborns are shown in table 1. The first or second MRI examination and CT revealed CNS damage in 44 newborns (figures 1-3). Calcification was noted in one newborn, polymicrogyria in one, ventriculomegaly in four, a periventricular cyst in two, hippocampal dysplasia in one and WMAs in all 44, and some newborns had multiple abnormal manifestations. In addition, microcephaly was noted in one newborn with a modified HC z score of −2.95. SNHL was noted in five newborns and hemiplegia in one. At birth, all newborns appeared normal without any signs of cCMV infection aside from microcephaly. One newborn with microcephaly, however, did not present with any other features of symptomatic cCMV infection and thus was not suspected of having cCMV infection before her urine screen tested positive for CMV.
Newborn hearing screening A total of 22 229 newborns underwent AABR testing, which revealed abnormalities in 171 (0.769%). More precise testing revealed abnormalities in 22 of these 171 (12.9%), and these 22 newborns were thus diagnosed with SNHL. Of the 22 newborns diagnosed with SNHL, five (22.7%) were infected with cCMV. All 22 newborns with SNHL underwent genetic testing to detect GJB2 mutations, but no newborns had both GJB2 genetic mutations and cCMV infection. Of the 60 newborns infected with cCMV, however, seven did not undergo AABR testing.
Relationship between cCMV and SNHL
The urinary CMV DNA copy number in five newborns with SNHL (3.23×10 7 copies/mL, 95% CI 3.02×10 6 to 3.45×10 8 copies/mL) was significantly higher than that in the 48 newborns with cCMV without SNHL (1.65×10 6 copies/mL, 95% CI 7.02×10 5 to 3.86×10 6 copies/mL; copies/mL; p=0.010) (figure 4).
Relationship between cCMV infection and MRI findings
Of the 60 newborns with cCMV, 53 underwent MRI scans. Of these 53 newborns, 44 (83.0%) were found to have some form of CNS damage ( figure 5 ). Fifty of the 53 newborns underwent an initial MRI scan before the age of 5 months; two of the remaining three newborns underwent the scan at 7 or 10 months while the other was scanned at 18 months. Of the 50 newborns who underwent MRI scans by the age of 6 months, 36 were found to have some form of CNS damage (72.0%). The mean urinary CMV DNA copy number of newborns who were found to have CNS damage during screening (2.30×10 6 copies/mL, 95% CI 8.78×10 5 to 6.01×10 6 copies/mL) did not differ significantly from that in 14 newborns who had no such abnormalities (1.31×10 6 copies/mL, 95% CI 1.90×10 5 to 9.07×10 6 copies/mL) (figure 6A).
Thirty-one newborns underwent a second scan at the age of 18 months (range 16-20 months). During the second MRI scan, 23 newborns were found to have CNS damage (74.2%) and these newborns had higher urinary CMV DNA copy numbers (6.19×10 6 copies/mL, 95% CI 1.90×10 6 to 2.02×10 7 copies/mL) than the eight newborns in which no such abnormalities were detected (3.32×10 5 copies/mL, 95% CI 4.48×10 4 to 2.46×10 6 copies/mL; p=0.013) (figure 6B). The MRI scans performed before 6 months of age and around the age of 18 months were compared for 30 infants. The mean CMV DNA copy number of the 18 newborns who were found to have abnormal CNS findings in the first and second scans (3.48×10 6 copies/mL, 95% CI 9.14×10 5 to 1.32×10 7 copies/mL) was significantly higher than in three newborns with normal CNS findings in both scans (1.41×10 5 copies/mL, 95% CI 1.35×10 3 to 1.47×10 7 copies/mL; p=0.035). Five newborns were found to have WMAs on an initial scan but no abnormalities were detected on the second scan. The urinary CMV DNA copy number of these five newborns (5.56×10 5 copies/mL, 95% CI 1.89×10 4 to 1.64×10 7 copies/mL) did not differ significantly from that of newborns without CNS abnormalities in both scans ( p=0.67). In contrast, four newborns had no abnormalities initially but were found to have WMAs on the second scan. In these four newborns, the urinary CMV DNA copy number was significantly higher (7.81×10 7 copies/mL, 95% CI 3.92×10 6 to 1.56×10 9 copies/mL) than the three infants who had no abnormalities ( p=0.034) (figure 7). All five newborns with SNHL (100%) and 39 of 48 children without SNHL (81%) had Follow-up MRI study at the age of 18 months also shows bilateral polymicrogyria (arrows), but abnormal T2 high intensity has been obscured and there are only some scattered abnormal T2 high intensity areas (arrowheads). Abnormally thin centrum semiovale suggests white matter volume loss.
abnormal CNS findings including WMAs, thus the incidences of abnormal CNS findings were not significantly different between the two groups ( p=0.288). Children with SNHL, however, showed significantly far more abnormal CNS findings other than WMAs (3/5 with SNHL) than children without SNHL (5/48 without SNHL) ( p=0.003) (table 1) . DISCUSSION This study examined the incidence of cCMV infection and SNHL in seemingly healthy newborns with no obvious clinical manifestations of cCMV infection. One of 60 newborns (1.7%) who tested positive for CMV exhibited microcephaly but no other clinical manifestations. As microcephaly has been reported to be a common single clinical finding in newborns with cCMV infection, 17 nearly asymptomatic newborns with milder or non-specific findings can be missed in the absence of further screening. Therefore, this study used MRI to identify CNS damage in newborns with cCMV infection and examined the relationship between CNS damage and urinary CMV DNA copy number.
Various methods have been used to screen for cCMV infection. [18] [19] [20] However, no previous study for cCMV screening has described the direct extraction of CMV DNA from the liquid urine of newborns. We subjected CMV DNA to qPCR and screened for cCMV infection in over 23 000 newborns. Unlike blood, urine can be collected non-invasively and the viral load in urine is likely to be elevated even when a virus is inactive. Real-time PCR was used to detect CMV DNA in urine samples in order to ensure specificity, quantitative reliability and rapidity. The method used in this study also allows accurate quantitative determination of urinary volume, unlike the technique employing FTA-Elute filter cards described in previous studies. 8 The real-time PCR assay of saliva has excellent sensitivity and specificity and can easily be adapted for large-scale screening of newborns. 19 However, the real-time PCR assay of saliva is less able to provide the quantitative capability than that of liquid urine. Thus, the novel method described here allows more accurate examination of the relationship between viral load and SNHL/CNS damage.
In this study the incidence of cCMV infection was 0.257%, about 17% lower than that reported in other studies conducted in Japan. Numazaki et al 7 used a conventional cell culture method to screen 11 938 individuals and reported an incidence of 0.31%, whereas Koyano et al 8 used FTA-Elute filter cards embedded in a diaper to screen 21 272 individuals and reported an incidence of 0.31%. The higher level of cCMV infection detected in these studies could be explained by the fact that they recruited newborns from university hospitals, a population likely to include newborns at a greater risk of cCMV infection. In fact, Koyano et al 8 reported that the incidence of cCMV infection at primary obstetric clinics was 0.24%. Our sample of seemingly healthy newborns, born at typical maternity hospitals, might provide a CMV incidence that is closer to the typical incidence of cCMV infection.
Newborn hearing screening was performed using AABR testing. Of the screened newborns, 171 were referred for further testing and 22 (12.9%) were finally diagnosed with SNHL. Four newborns underwent both newborn hearing screening and screening for cCMV infection, and all four of these newborns and one other newborn with late-onset HL had SNHL. In this newborn, because the AABR test was not conducted within 5 days of birth, ABR was performed but HL was not confirmed. HL detected during follow-up was diagnosed as late-onset HL. Thus, performing hearing screening and CMV screening at the same time should allow early prediction of SNHL prior to more detailed hearing testing. In other words, simultaneous screening may allow early detection and treatment of SNHL due to cCMV infection.
In 60 newborns with cCMV infection, those with the highest urinary CMV DNA copy number had 4.6×10 5 -fold more copies than those with the lowest CMV DNA copy number (range 2.4×10 3 -1.1×10 9 copies/mL). Newborns with cCMV infection and SNHL had a significantly higher urinary CMV DNA copy number than those with cCMV infection but no SNHL (figure 4). Of the 60 newborns with cCMV infection, one had late-onset SNHL. It is well known that SNHL due to cCMV infection appears as a form of late auditory dysfunction. 21 22 Thus, infants with cCMV infection, particularly with high urinary CMV DNA copy number, need to be carefully monitored for the development of late-onset SNHL.
Of the 60 newborns with cCMV infection, 53 underwent MRI. Abnormal findings were noted in 44 of these infants (83.0%), and most of the findings were WMAs that have been attributed to myelination failure induced by CMV infection of the CNS. 5 14 23 The first MRI examination performed by the age of 6 months identified no significant difference between the urinary CMV DNA copy number of newborns with normal MRI findings and those with abnormal MRI findings. The second examination carried out at about the age of 18 months showed that newborns with abnormal MRI findings had a significantly higher urinary CMV DNA copy number than those with normal MRI findings (figure 6). High CMV DNAemia has been reported to predict CMV infection sequelae in newborns with asymptomatic cCMV infection, 24 so high urinary CMV DNA copy numbers could predict late CNS damage.
The urinary CMV viral load of newborns with initial abnormal results who subsequently had normal results did not differ significantly from that of newborns without abnormal results. Conversely, the urinary CMV viral load of newborns who initially had normal results but subsequently had abnormal results was significantly higher than that of newborns who had normal results (figure 7). Newborns with a high urinary CMV DNA copy number during screening should be followed up with MRI.
In this study, MRI examination revealed that WMAs occurred with surprising frequency of 83% in newborns and infants with cCMV infection. Although nearly half of WMAs found in the children with cCMV infection were considered to be mild, WMAs could be the critical sign of asymptomatic cCMV infection detectable with neuroimaging examination. WMAs are very often seen in children with symptomatic cCMV infection. 6 23 25 26 Uematsu et al 27 retrospectively investigated asymptomatic cCMV infection with neurological sequelae using qPCR of CMV DNA from dried umbilical cord and reported that all the 54 patients (100%) had cerebral WMAs in MRI study. In contrast, there are very few references about the incidence of WMAs in newborns and infants with cCMV infection found through neonatal screening.
Recently, Krakar et al 28 described the apparent regression of WMAs in a case report of serial postnatal MRIs in a child and proposed that leukoencephalopathy in cCMV infection is not only non-progressive or static as previously reported, but also might even evolve in part of WMAs, suggesting both disturbed and delayed myelination. Consequently, it could be considered that most WMAs due to cCMV infection, especially mild WMAs, would regress or disappear in late childhood, although many WMAs of varying severity and extent exist in the neonatal period and infancy. However, the qualitative and quantitative evaluations of WMAs caused by cCMV infection remain to be well-defined.
Milewska-Bobula et al 29 indicated increased emotional sensitivity and problems with school maturity in 6-year-old children with asymptomatic or mildly symptomatic cCMV infection, and Karltorp et al 30 showed that 88% of 26 children with congenital CMV infection had balance disturbances including walking at a later age. Whether WMAs in cCMV infection cause a subsequent developmental disorder is still unclear, 14 25 26 and newborns and infants with SNHL in our study showed far more abnormal CNS findings other than WMAs than those without SNHL; thus SNHL could occur in children with more severely damaged CNS. WMAs in newborns and infants could be related to the subsequent developmental disorders such as balance disturbances and emotional problems, aside from the well-known clinical manifestations such as intellectual disability and cerebral palsy that could be referred to the severe CNS damage.
Further follow-up of the patients in this study is therefore needed, and the relationship between the site where a WMA was noted, the severity of WMA, the CMV DNA copy number in the urine and the occurrence of developmental disorders needs to be examined in greater detail.
This study reports the incidence of cCMV infection and the typical range of urinary CMV viral load of Figure 7 Comparison of cytomegalovirus (CMV) load in urine samples of newborns with congenital CMV infection with respect to the changes in MRI findings. Urine samples were collected from newborns within 0-5 days of birth. The first MRI scans were performed at less than 5 months of age. The second MRI scans were performed between the age of 16 months and 20 months. One of 31 newborns who underwent the first and second MRI scans was excluded from the comparison because the first MRI scan was performed at 10 months of age. In the first and second MRI scans, three newborns (normal) showed no abnormalities while 18 newborns (abnormal) showed central nervous system damage. The initial scan revealed abnormalities but the second scan showed no abnormalities in five newborns (changed to normal). In contrast, the initial scan revealed no abnormalities but the second scan showed abnormalities in four newborns (change to abnormal). The 18 (abnormal MRI) and four newborns (change to abnormal MRI from normal) who had abnormalities in the second MRI scans showed a significant difference ( p=0.035 and p=0.034, respectively) compared with three newborns (normal) who had no abnormalities in both the first and second MRI scans while the five newborns who had no abnormalities in the second MRI scans showed no significant difference ( p=0.67) compared with newborns with no abnormalities in both the first and second MRI scans. Upper and lower borders of box plots represent the 25th and 75th percentiles and bars represent median viral loads. Upper and lower bars indicate maximum and minimum viral load, respectively. seemingly healthy newborns in Japan. Newborns with cCMV infection and SNHL had a higher urinary CMV viral load. Newborns who had CNS abnormalities including WMAs detected by MRI also had a significantly higher urinary CMV viral load. Because the urinary CMV viral load could be directly related to illness, the use of qPCR to determine the CMV viral load in urine specimens may identify cCMV infection and predict its sequelae. However, this study has an important limitation in the implementation. Urine collection from newborns is laborious and time-consuming compared with a saliva swab or a FTA-Elute filter card embedded in a diaper, and thus the use of qPCR for a urine sample as a screening test requires improvements in usability and economic efficiency. The saliva swab or FTA-Elute filter card would be better suited for the screening of cCMV infection. The CMV viral load in liquid urine from a newborn found to be positive by screening should then be determined to assess CNS abnormalities, predict sequelae or follow late-onset HL.
